Osteoclasts are specialized cells that secrete lysosomal acid hydrolases at the site of bone resorption, a process critical for skeletal formation and remodeling. However, the cellular mechanism underlying this secretion and the organization of the endo-lysosomal system of osteoclasts have remained unclear. We report that osteoclasts differentiated in vitro from murine bone marrow macrophages contain two types of lysosomes. The major species is a secretory lysosome containing cathepsin K and tartrate-resistant acid phosphatase (TRAP), two hydrolases critical for bone resorption. These secretory lysosomes are shown to fuse with the plasma membrane, allowing the regulated release of acid hydrolases at the site of bone resorption. The other type of lysosome contains cathepsin D, but little cathepsin K or TRAP. Osteoclasts from Gnptab −/− (gene encoding GlcNAc-1-phosphotransferase α, β-subunits) mice, which lack a functional mannose 6-phosphate (Man-6-P) targeting pathway, show increased secretion of cathepsin K and TRAP and impaired secretory lysosome formation. However, cathepsin D targeting was intact, showing that osteoclasts have a Man-6-P-independent pathway for selected acid hydrolases.
convoluted membrane, the ruffled border. The ruffled border forms within an actin ring, generating an isolated, acidic extracellular microenvironment (the resorption lacuna), into which acid hydrolases are secreted. Two acid hydrolases that are highly expressed and secreted by differentiated osteoclasts are cathepsin K and tartrateresistant acid phosphatase (TRAP, also known as ACP5, or uteroferrin). Cathepsin K is a cysteine protease that degrades type I collagen, the major component of bone matrix (4, 5) . TRAP is a metallophosphoesterase involved in bone matrix degradation (6, 7) and removal of mannose 6-phosphate (Man-6-P) residues from acid hydrolases (8) .
Acid hydrolase secretion by osteoclasts is a key regulatory mechanism for skeletal formation and remodeling. Nonetheless, the cellular mechanism that underlies this secretion has remained unclear. Two models have been proposed. In one model, newly synthesized acid hydrolases at the trans-Golgi network (TGN) are packaged into transport vesicles that deliver their cargo directly to the ruffled border (9) (10) (11) . The alternative model proposes that acid hydrolases are first transported from the TGN to endo-lysosomes that subsequently fuse with the ruffled border to discharge their contents (12) (13) (14) (15) (16) . However, the characterization of the endo-lysosomal compartments in osteoclasts is incomplete and their fusion with the plasma membrane has not been directly shown. Furthermore, the requirement of the Man-6-P recognition system for the proper trafficking of cathepsin K, TRAP and other acid hydrolases by Man-6-P receptors (MPRs) has not been investigated in osteoclasts.
In this study, we utilize immuno-electron microscopy (immuno-EM) and biochemical assays to determine the subcellular localization and transport pathways of cathepsin K, TRAP and the ubiquitously expressed acid hydrolase cathepsin D. Osteoclasts were derived from both wild type (WT) and Gnptab −/− (gene encoding GlcNAc-1-phosphotransferase α, β-subunits) mice, which lack the catalytic α, β-subunits of GlcNAc-1-phosphotransferase (17) and are unable to add Man-6-P residues to newly synthesized lysosomal hydrolases (18) . Our data show that osteoclasts contain secretory lysosomes, which are compartments with all the characteristics of lysosomes, but that undergo regulated secretion in response to external stimuli (19) . These secretory lysosomes are responsible for the activation and transport of cathepsin K and TRAP to the ruffled border. Interestingly, our study reveals that, in addition to secretory lysosomes, osteoclasts contain a second type of lysosome that is enriched in cathepsin D, but contains very little cathepsin K and TRAP. Finally, we show that the targeting of cathepsin K and TRAP to secretory lysosomes is Man-6-P-dependent, whereas the lysosomal targeting of cathepsin D does not require this pathway.
Results
Cathepsin K and TRAP colocalize in secretory lysosomes that fuse with the plasma membrane To study the intracellular targeting of cathepsin K and TRAP in osteoclasts, mouse bone marrow-derived macrophages were differentiated in vitro into mature osteoclasts on a plastic substrate. First, we determined the subcellular localization of cathepsin K by immuno-EM on ultrathin cryosections of WT osteoclasts. This protease was found in endosomes (defined by their electron-lucent lumen and presence of intraluminal vesicles; Figure 1A ) and most prominently in electron-dense, lysosome-like compartments of 200-900 nanometer (nm) diameter ( Figure 1A ). In the biosynthetic pathway cathepsin K was found in the endoplasmic reticulum (ER), Golgi and TGN ( Figures 1A and 3A ).
To better characterize the cathepsin K-enriched lysosomelike compartments, osteoclasts were incubated with BSA conjugated to 5 nm gold particles. Endocytosed BSA-gold was detected in these compartments after 3 h ( Figure 1B ) but not after 30 min of uptake. These kinetics position them in the late stage of the endosomal pathway (20) . To further confirm the lysosomal nature of these compartments, we performed double immunogold labeling for cathepsin K and the lysosomal membrane protein LAMP-2. This resulted in labeling of the limiting membrane of the cathepsin K-positive compartments ( Figure 1C,D) , consistent with them being lysosomes. Interestingly, we regularly observed patches of cathepsin K labeling at the exterior of the plasma membrane with a diameter similar to the intracellular cathepsin K-enriched compartments ( Figure 1B ,E,F). These patches also contained BSA-gold, whereas the underlying plasma membrane regions labeled for LAMP-2 ( Figure 1E ), identifying them as fusion profiles of the cathepsin K/BSA-gold positive compartments. Together, these characteristics of the dense, cathepsin K-containing compartments meet the definition of 'secretory lysosome' (19, 21, 22) . Immuno-EM of TRAP resulted in fewer gold particles, but a similar localization pattern as for cathepsin K with a clear enrichment in secretory lysosomes, where it colocalized with cathepsin K (Figure 2A-C) . Thus, our combined EM data show that TRAP and cathepsin K accumulate and colocalize in secretory lysosomes.
If secretory lysosomes mediate secretion of acid hydrolases it is predicted that the secreted enzymes will be largely devoid of their Man-6-P moiety, because this would have been removed, most probably by TRAP (8) , in the acidic milieu of the secretory lysosome. Indeed, we found that of several glycosidases secreted by WT osteoclasts only a minor fraction bound to a cation-independent-MPR (CI-MPR) affinity column (Table S1 ). This binding behavior was similar to that of the intracellular glycosidases, which reside mainly in lysosomes. In further support of this model, we confirmed by immuno-EM the absence of Man-6-P on acid hydrolases in osteoclast secretory lysosomes ( Figure S1 ). These data are all consistent with the model that in osteoclasts acid hydrolases are targeted to secretory lysosomes, where they are processed prior to fusion of the secretory lysosomes with the plasma membrane.
The sorting of cathepsin K and TRAP to secretory lysosomes is Man-6-P-dependent Both cathepsin K and TRAP acquire Man-6-P modifications in osteoclasts (11) . We, therefore, investigated whether targeting of cathepsin K and TRAP to secretory lysosomes is Man-6-P-dependent. By immuno-EM, cathepsin K label was particularly prominent in electrondense regions of the Golgi cisternae, indicating high local protein concentrations ( Figure 3A, arrowheads) . In the TGN, cathepsin K was found in small-sized, electron-dense vesicles ( Figure 3A ,B, arrows). Similar vesicles were found throughout the cytoplasm and in close proximity to endosomes. The great majority (82 ± 0.3%) of these vesicles were not accessible to BSA-gold (3 h uptake), indicating that they are of biosynthetic origin ( Figure 3B ). To test whether these vesicles also contain CI-MPR, we performed a double-labeling for cathepsin K and CI-MPR. The CI-MPR was found in the TGN, endosomes and small vesicles dispersed through the cytoplasm, some in close proximity to endosomes ( Figure 3C ,D), in agreement with its distribution in other cell types (23, 24) . Extremely low levels of the CI-MPR were detected in the secretory lysosomes ( Figure S2 ). Cathepsin K and CI-MPR colocalized in endosomes and in a portion of the small vesicles, including those in the TGN and near endosomes ( Figure 3C,D) . These data are consistent with Man-6-Pdependent targeting of newly synthesized cathepsin K to the endo-lysosomal system.
To further study the Man-6-P dependence of cathepsin K and TRAP targeting to secretory lysosomes we differentiated osteoclasts from macrophages isolated from Gnptab −/− mice (17) , which fail to generate Man-6-P residues on newly synthesized lysosomal hydrolases (18) . By immuno-EM of these cells, only low levels of cathepsin K were found in endo-lysosomes ( Figure 1G ), while this protease could be readily detected in the ER, Golgi and TGN ( Figure 1H,I ). TRAP labeling was also greatly reduced in endo-lysosomes of Gnptab −/− osteoclasts ( Figure 2D ). The number of electron-dense secretory lysosomes was markedly reduced (∼2 per cell profile versus ∼9 in WT) and the remaining profiles were of smaller size than in WT cells (200-500 nm versus 200-900 nm, respectively). By contrast, there was a marked increase in more electronlucent compartments containing relatively low levels of cathepsin K (∼19 per cell profile versus ∼6 in WT cells). By size and morphology, these compartments probably represent endosomes and secretory lysosomes that had failed to acquire their full content of cathepsin K ( Figure 1G ). Concomitantly, they could be reached by BSA-gold after 3 h of uptake ( Figure 1I ).
Strikingly, much of the cathepsin K in Gnptab −/− osteoclasts was found in numerous small, ≤200 nm vesicular membrane profiles located in the TGN area and dispersed throughout the cytoplasm ( Figure 1H,I ). Most of these profiles were not labeled for the ER marker calreticulin and were inaccessible to internalized BSA-gold (3 h uptake), indicating that they are not of ER or endocytic origin ( Figure 1H,I ). Interestingly, the patches of secreted cathepsin K at the plasma membrane ( Figure 1H ) were markedly smaller in size than in WT osteoclasts ( Figure 1B ,E,F) with a maximum diameter of ∼200 nm, the size of the small, intracellular vesicles. These data suggest that the numerous cathepsin K vesicles present in Gnptab −/− osteoclasts represent biosynthetic vesicles that direct cathepsin K directly from the TGN to the plasma membrane via the constitutive secretory pathway.
We then investigated whether the impairment of secretory lysosome biogenesis in Gnptab −/− osteoclasts impacted the formation of the resorption lacuna and the targeting of acid hydrolases to this compartment. We cultured WT and Gnptab −/− osteoclasts on bone slices to allow formation of the ruffled border, and analyzed the presence of cathepsin K within the actin ring by immunofluorescence. Both WT and Gnptab −/− cells formed actin rings and exhibited a concentration of cathepsin K inside the resorption lacuna ( Figure 4 ). Together, these results suggest that in Gnptab −/− osteoclasts, at least a portion of the constitutive vesicles that package cathepsin K reach the resorption lacuna.
Disruption of the Man-6-P targeting pathway results in increased secretion of cathepsin K and TRAP by osteoclasts
To further study the lysosomal targeting of cathepsin K, we next determined its steady-state level in cell lysates and culture media from WT and Gnptab −/− osteoclasts. Western blots of WT cell lysates revealed a doublet at ∼25 kDa, corresponding to the mature form of cathepsin K ( Figure 5A ), whereas the proform (∼40 kDa) was barely detectable. Processing of cathepsin K requires acidic conditions (5) . Hence, the presence of mature enzyme indicates its targeting to lysosomes. WT culture medium collected after a 6 h incubation, contained small amounts of mature cathepsin K, but no detectable proform. As osteoclasts grown on plastic do not form an acidic resorption lacuna, the presence of mature cathepsin K in the medium reflects its targeting to secretory lysosomes followed by processing and release. In Gnptab −/− proform mature form 25 
Figure 5: Targeting of cathepsin K and TRAP to secretory lysosomes is Man-6-P-dependent, whereas cathepsin D sorting is Man-6-P-independent. A and C-E) Steady-state levels of cathepsin K (A), TRAP (C) and cathepsin D (E)
shown by western blotting of cell lysates (lanes 1 and 3) and media (lanes 2 and 4) of WT and Gnptab −/− osteoclasts. Asterisk in (E) indicates a non-specific band. D) GAPDH was detected in the cell lysates to confirm that equal amounts of protein were loaded. Note that the GAPDH control applies for all three western blots, as equal amounts of each cell sample were loaded for each blot. B) WT or Gnptab −/− osteoclasts were incubated for 30 min with 35 S-methionine/cysteine (pulse) and subsequently chased in unlabeled medium. TRAP was immunoprecipitated in cells and media collected directly after the pulse (30 ) or at the end of the 2-h chase period (30 + 2 h). The upper panel and the lower panel show a short (1 day) and a long (7 days) exposure period of the same gel (reducing conditions), respectively. Note the appearance of a ∼23 kDa band, corresponding to mature TRAP (N-terminal fragment) in WT lysates and medium after the 2-h chase. Asterisk indicates a non-specific band. F) Cathepsin D was immunoprecipitated either directly after the 30-min pulse or after a 4-h chase, resolved by SDS-PAGE under non-reducing conditions, and visualized by autoradiography. C, cell lysate; M, medium.
osteoclasts, the steady-state intracellular level of mature cathepsin K was markedly reduced, whereas the proform was now clearly detectable in the medium ( Figure 5A ). These data, in agreement with our morphological observations, indicate that in the absence of the Man-6-P modification, newly synthesized procathepsin K is secreted via the constitutive secretory pathway, rather than targeted to secretory lysosomes.
We next analyzed the intracellular targeting of TRAP by metabolic pulse/chase studies. TRAP is synthesized as an inactive monomeric ∼35 kDa proform and processed in the lysosome into a mature enzyme composed of two disulfide-linked subunits (25) . WT and Gnptab −/− osteoclasts were incubated with 35 S-methionine/cysteine for 30 min followed by a 2 h chase in unlabeled medium and subsequent immunoprecipitation of TRAP. In WT cell lysates, the 30-min pulse resulted in the appearance of the ∼35 kDa proform ( Figure 5B, upper panel) . After the 2-h chase period, a portion of this proform had been converted into a ∼23 kDa form, which corresponds to the Nterminal fragment of the two-subunit mature enzyme (25) ( Figure 5B , lower panel). The presence of the mature form of TRAP within the cell lysate reflects its targeting to the secretory lysosomes. However, the media from the 2-h chase period contained mostly proform of TRAP with only a small amount of the mature form. This observation indicates that in addition to secretion via secretory lysosomes, there is also considerable secretion of TRAP directly from the TGN. Of note, these autoradiograms underestimate the amount of mature enzyme, because the TRAP proform contains ∼3× more methionine/cysteine residues than the 23 kDa N-terminal fragment. To obtain an accurate measure of the amount of secreted TRAP, we repeated this experiment using non-reducing conditions. Quantification of three independent experiments revealed that 49 ± 6% of newly synthesized TRAP is secreted within 2 h.
The presence of the mature enzyme in WT cell lysate was confirmed when the steady-state level of TRAP van Meel et al.
was determined by western blotting ( Figure 5C ). The medium, collected over 6 h, contained low levels of the mature enzyme and only trace amounts of the proform ( Figure 5C ). Notably, although the proform in the media represents newly synthesized TRAP secreted during the 6-h collection period, most of the mature form probably originates from secretory lysosomes, which have accumulated TRAP over a longer time period. Consequently, the ratio of pro-to mature forms obtained by western blotting differs from the pulse/chase experiment ( Figure 5B ), which exclusively visualizes newly synthesized TRAP. We conclude from these data that in WT osteoclasts TRAP can be secreted directly from the TGN, as well as via secretory lysosomes.
Pulse/chase experiments with Gnptab −/− osteoclasts showed that 68 ± 5.5% of newly synthesized TRAP was secreted within 2 h (compared with 49 ± 6% by the WT cells, n = 3, p < 0.01; Figure 5B, upper panel) . In contrast to the WT cells, the secreted TRAP consisted solely of the proform ( Figure 5B , lower panel). Western blotting showed that the intracellular level of mature TRAP was greatly reduced in the Gnptab −/− cells ( Figure 5C ), whereas the medium contained much more proform compared with WT ( Figure 5C ). These data show that disruption of the Man-6-P targeting pathway inhibits sorting of both TRAP and cathepsin K to secretory lysosomes, resulting in their increased secretion via the constitutive pathway.
Gnptab −/− osteoclasts also exhibited reduced levels of several lysosomal glycosidases (Table S2) . As no significant changes of mRNA levels were detected by microarray and real-time polymerase chain reaction analysis (data not shown), this is consistent with their increased secretion.
Gnptab −/− osteoclasts exhibit a Man-6-P-independent transport pathway for cathepsin D To extend our studies on lysosomal sorting in osteoclasts, we next investigated the lysosomal targeting of another acid hydrolase, cathepsin D. Cathepsin D is a ubiquitously expressed aspartic protease that, in contrast to cathepsin K and TRAP, has not been directly implicated in bone resorption (26) . Mouse cathepsin D is synthesized as an inactive ∼42 kDa proform, which is converted in acidic compartments to the mature ∼39 kDa protein.
Unexpectedly, by western blot analysis, we found that the steady-state levels of intracellular and secreted mature cathepsin D were similar in WT and Gnptab −/− cells ( Figure 5E ), suggesting that lysosomal targeting of cathepsin D in osteoclasts is independent of the Man-6-P modification. In agreement herewith, metabolic labeling with 35 S-methionine/cysteine (30-min pulse and 4-h chase) resulted in comparable levels of mature cathepsin D in both the cell types ( Figure 5F ). The mature form was also found in the media, where no secreted proform could be detected. The percentage of secreted cathepsin D was similar in both the cell types (33 ± 7.9% in WT versus
Cathepsin D and cathepsin K localize to different lysosomes in osteoclasts
We further studied the subcellular distribution of cathepsin D by double-labeling cathepsin D and K for immuno-EM. In WT osteoclasts, there was low but consistent labeling of cathepsin D in cathepsin K-positive secretory lysosomes ( Figure 6A ) and their fusion profiles at the plasma membrane (inset Figure 6A) . However, additional cathepsin D labeling was found in compartments that contained no or only low levels of cathepsin K (Figure 6A, arrow) . By size and electron density these compartments resembled lysosomes, which was confirmed by the observation that they could be reached by endocytosed BSA-gold after 3 h, but not 30 min, of incubation ( Figure 6B ). These data show that cathepsin D is present in secretory lysosomes, as well as in a second population of lysosomes, which lack cathepsin K.
Gnptab −/− osteoclasts displayed similar cathepsin D-positive, electron-dense lysosomes ( Figure 6C ) as observed in WT cells ( Figure 6A ). In addition, cathepsin D was seen in the relatively electron-lucent organelles with trace amounts of cathepsin K representing endosomes and secretory lysosomes that failed to acquire their full content of cathepsin K in these cells ( Figure 6C , for comparison see Figure 1G ,I). In the TGN (Figures 6D and S3) , cathepsin D localized to small-sized vesicles that were more electron-lucent than the electron-dense cathepsin K vesicles that are so abundant in these cells ( Figures 1H  and 3A,B) . Quantitative analysis of their TGN distributions confirmed that cathepsin D and K are packaged into different vesicles (Figure 6D ), i.e. 63 ± 1.6% of biosynthetic cathepsin D vesicles did not contain cathepsin K. These data are consistent with the hypothesis that in the absence of Man-6-P modifications cathepsin K enters constitutive secretory vesicles, whereas cathepsin D is sorted to lysosomes.
The intracellular distribution of cathepsin D and K was then analyzed by immunofluorescent staining in WT osteoclasts cultured on bone slices instead of plastic. In these bone-resorbing osteoclasts, cathepsin D and K localized in distinct punctae (Figure 7) , suggesting their predominant targeting to lysosomes and secretory lysosomes, respectively. Moreover, in these polarized cells, the cathepsin D punctae were found throughout the cytoplasm (Figure 7) , whereas cathepsin K punctae concentrated within the actin ring ( Figure 7, upper panel) . These findings are consistent with the data obtained on non-resorbing osteoclasts, suggesting that cathepsin K is targeted to the ruffled border via secretory lysosomes. 
Discussion
It has been a matter of debate whether lysosomal hydrolases in osteoclasts are directly transported from the TGN to the ruffled border or first packaged into endo-lysosomes to be secreted in a regulated manner. A number of studies have presented data consistent with the acid hydrolases being targeted to the resorption lacuna via fusion of endo-lysosomal compartments with the ruffled border. Thus acid hydrolases, including cathepsin K and TRAP, have been detected by immunohistochemistry in intracellular vesicles, vacuoles and granules of osteoclasts, reminiscent of a lysosomal localization (13, 16, 27, 28) , whereas biochemical studies showed that the processing of cathepsin K to its active form, which requires an acidic environment, occurs intracellularly (29, 30) . Toyomura et al. found that in osteoclast precursor cells, LAMP-2 and the a3 isoform of V-ATPase were present in late endosomes and lysosomes, but upon differentiation into osteoclasts relocated to the plasma membrane, suggesting that these proteins are delivered to the ruffled border by fusion of lysosomes with the plasma membrane (15) . In addition, Rab7, which is involved in the fusion of late endosomes and lysosomes, was found to localize to the ruffled border, together with the calcium sensor protein synaptotagmin VII, which regulates exocytosis of lysosomes (31, 32) . Interestingly, depletion of either of these proteins impaired the secretion of cathepsin K and the bone resorptive function of the osteoclasts (31, 32) . Together, these data suggest that secretion of active cathepsin K into the resorption lacuna may occur via fusion of secretory lysosomes, by a process mediated by Rab7 and synaptotagmin VII. However, the evidence for this pathway has remained indirect, as the actual presence of secretory lysosomes in osteoclasts and their fusion with the plasma membrane to discharge active cathepsin K and TRAP has not been clearly shown. On the other hand, several reports have suggested that secretion of the acid hydrolases into the resorption lacuna occurs via secretory vesicles derived directly from the TGN (9-11).
Our immuno-EM analysis of the subcellular distributions of cathepsin K and TRAP in osteoclasts provides, to our knowledge, the first evidence that these proteins colocalize in secretory lysosomes which release their content by fusion with the plasma membrane. Our biochemical studies showed that osteoclasts secrete processed, mature forms of cathepsin K and TRAP, which requires passage through the acidic environment of the lysosome. Moreover, we observed that the majority of the secreted acid hydrolases no longer contain the Man-6-P modification. These observations are consistent with the model that osteoclasts secrete mature lysosomal hydrolases via secretory lysosomes. Our data differ from those of Czupalla et al., who identified secretion of the proforms of cathepsin D and of Man-6-P-containing lysosomal hydrolases as a major pathway (11) . A possible explanation for this discrepancy is the dissimilar source for osteoclast differentiation, i.e. the myeloid cell line Raw 264.7 versus the bone marrow-derived macrophages that we used.
In addition to the issue of the pathway used to transport the lysosomal hydrolases to the ruffled border, the requirement of the Man-6-P targeting pathway in osteoclasts had never been addressed. As disruption of the Man-6-P targeting pathway has different effects in tissues, e.g. fibroblasts and exocrine secretory tissues are highly affected (17, 18, 33) , whereas other tissues (liver, muscle, brain) are spared, we evaluated the consequences in osteoclasts from Gnptab −/− mice, which are unable to synthesize the Man-6-P recognition moiety. Using osteoclasts from Gnptab −/− mice, we have shown that targeting of cathepsin K and TRAP to secretory lysosomes is Man-6-P-dependent. Based on these findings, we propose the following model ( Figure 8 ). In osteoclasts, cathepsin K and TRAP receive Man-6-P modifications, which are required for MPR binding at the TGN and subsequent trafficking to secretory lysosomes. Within the acidic environment of the secretory lysosomes, cathepsin K and TRAP are processed to their active forms, and subsequently released at the site of bone resorption by fusion of the secretory lysosomes with the ruffled border. In addition, substantial amounts of TRAP are secreted directly from the TGN. Cathepsin D also acquires Man-6-P modifications in osteoclasts but relatively low levels of this protease reach the cathepsin K-and TRAP-containing secretory lysosomes. The majority of cathepsin D is transported to a second class of lysosome that lacks cathepsin K and TRAP. Cathepsin D in secretory lysosomes may derive directly from the TGN and/or from fusion of secretory lysosomes with cathepsin D-enriched lysosomes. In Gnptab −/− osteoclasts ( Figure 8, lower panel) , the lack of the Man-6-P modification results in the secretion of the proforms of cathepsin K and TRAP directly from the TGN via the constitutive secretory pathway. Cathepsin D, however, continues to reach lysosomes and secretory lysosomes, indicating that its transport is independent of the Man-6-P targeting system. Secretory lysosomes with reduced amounts of lysosomal hydrolases may still fuse with the ruffled border, resulting in acidification of the resorption lacuna and activation of the secreted proenzymes.
Our immuno-EM and biochemical studies were carried out on non-resorbing, non-polarized osteoclasts grown on a plastic substrate. Therefore, we have not been able to address the trafficking of acid hydrolases at the different stages of bone resorption. It is possible that in addition to the fusion of secretory lysosomes with the ruffled border, the reuptake of acid hydrolases from the resorption lacuna could serve several roles. Thus, the endocytosed hydrolases could assist in the degradation of endocytosed bone matrix fragments in transcytotic vesicles (7, 34, 35) . In this regard, it is possible that acid hydrolases are directly targeted from the TGN to the transcytotic vesicles, as was suggested for TRAP (7, 34, 35) . The endocytosed hydrolases could also be rerouted to secretory lysosomes to serve as a reservoir for when the osteoclasts move to the next location on the bone. It is important to point out that osteoclasts cultured on a plastic substrate are considered a representative model of mature osteoclasts, despite their lack of polarization (36) . Moreover, our immunofluorescence data obtained on osteoclasts grown on bone slices are consistent with our immuno-EM and biochemical data, showing that polarized osteoclasts have two populations of lysosomes, of which the cathepsin K-containing secretory lysosomes are targeted to the ruffled border.
The observation that cathepsin D is predominantly found in a second population of lysosomes negative for cathepsin K and TRAP is in accordance with previous immunohistochemical studies on bone-resorbing osteoclasts, showing that cathepsin D is barely detected at the ruffled border and that osteoclasts contain cathepsin D-positive and negative vacuoles (12, 26, 28) . It remains to be established how the two subpopulations of lysosomes relate to each other regarding biogenesis and function.
Secretory lysosomes belong to the group of the so-called lysosome-related organelles and occur mostly in cells derived from the hematopoietic lineage. Secretory lysosomes are thought to act as specialized lysosomes that store and release secretory proteins, while at the same time carrying out general lysosomal functions, thus acting as dual-functional organelles (21, 37) . In the case of osteoclasts, it seems probable that the secretory lysosomes deliver acid hydrolases to the resorption lacuna, whereas the coexisting cathepsin D lysosomes ensure general lysosomal functions. However, we cannot rule out the possibility that the cathepsin D lysosomes fuse with the plasma membrane or with the secretory lysosomes. Also, they might represent residual lysosomes from the bone marrow-derived macrophages. Clearly, further studies are required to resolve this issue, as well as to elucidate the alternative mechanisms by which cathepsin D is targeted to these lysosomes in the absence of a functional Man-6-P sorting pathway. Man-6-P-independent lysosomal targeting of cathepsin D has previously been reported in several other cell types (38) (39) (40) (41) . Sortilin was recently proposed as an alternative receptor for cathepsin D and H (42, 43) , but we could not detect this protein in osteoclast lysates by western blotting (data not shown). This raises the interesting possibility that in osteoclasts yet another lysosomal targeting pathway might exist.
In summary, our data show that osteoclasts contain a pathway for the regulated secretion of lysosomal hydrolases that involves targeting them to secretory lysosomes in a Man-6-P-dependent manner followed by fusion of the secretory lysosomes with the plasma membrane. In addition, osteoclasts contain a second type of lysosome enriched in the ubiquitously expressed lysosomal hydrolase cathepsin D. Disruption of the Man-6-P targeting pathway in Gnptab −/− osteoclasts leads to unregulated secretion of bone-resorbing hydrolases, whereas cathepsin D continues to reach lysosomes in a Man-6-Pindependent manner. It will be interesting to investigate in future studies whether the osteoporosis phenotype in Gnptab −/− mice (44), as well as in patients with mucolipidosis II (i.e. with mutations in Gnptab) (45) (46) (47) (48) , is the result, at least partially, of this abnormal secretion of acid hydrolases by osteoclasts.
Materials and Methods

Antibodies and reagents
Chemicals were purchased from Sigma-Aldrich unless otherwise specified. The following antibodies were used: Mouse monoclonal antibodies against cathepsin K (Millipore) and GAPDH (Sigma-Aldrich), rat monoclonal ABL-93 against LAMP-2 (Developmental Studies Hybridoma Bank, University of Iowa), rabbit antibodies against cathepsin D (described in 49), CI-MPR (produced in S. K.'s laboratory), TRAP (generous gift from Dr R. M. Roberts, University of Missouri), biotin (Rockland Immunochemicals, Inc.) and mouse immunoglobulins (DAKO). The specificity of the cathepsin K and TRAP antibodies in immuno-EM was tested by immunogold labeling of WT bone marrow macrophages, which do not express detectable levels of these proteins (50, 51) and accordingly did not show any label for cathepsin K or TRAP ( Figure S4A,B) . Man-6-P-modified lysosomal acid hydrolases were detected with biotinylated, ligand-binding domain of soluble CI-MPR (sCI-MPR) (52) , which were a generous gift from Dr P. Lobel (Rutgers University). Lyophilized sCI-MPR was reconstituted to a final concentration of 10 μg/mL in PBS + 1% w/v BSA, containing 5 mM β-glycerol phosphate disodium salt pentahydrate and 0.02% w/v sodium azide (Merck).
Cell culture
Bone marrow-derived macrophages were obtained from Gnptab −/− (17) and WT mice as described previously (31, 53) . All animal procedures were carried out according to guidelines approved by the Animal Studies Committee of Washington University. Macrophages were cultured in α-MEM culture medium containing 10% fetal calf serum (FCS), 100 μg/mL penicillin and 100 units/mL streptomycin at 37
• C in a 5% CO 2 humidified incubator, in the presence of 1/10 volume of CMG 14-12 culture supernatant-containing macrophage colony-stimulating factor (53) . Osteoclast differentiation was induced by addition of 100 ng/mL GST-linked receptor for activation of NF-κB ligand (RANK-L) for 4-6 days, until the cells reached confluency.
Immuno-EM
WT and Gnptab −/− osteoclasts were fixed with either 4% w/v paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH = 7.4) or 0.2% w/v glutaraldehyde + 2% w/v PFA in 0.1 M PB (54) . WT and Gnptab −/− macrophages were fixed with 4% w/v PFA in 0.1 M PB. Preparation of the samples, cryosectioning and immunogold labeling was performed as described (54) . To label the endo-lysosomal system, cells were incubated with BSA conjugated to 5 nm gold particles (BSA-gold; Cell Microscopy Center, University Medical Center Utrecht) in α-MEM culture medium containing 1% FCS for 30 min or 3 h prior to fixation (55) . Sections were analyzed in a JEOL 1200 EX electron microscope at 80 kV.
Quantification of the number of secretory lysosomes and endosomes was performed in ultrathin cryosections of WT and Gnptab −/− osteoclasts labeled for cathepsin K (20 cell profiles each). Secretory lysosomes were defined as 200-900 nm cathepsin K-positive, electron-dense compartments, whereas endosomes as electron-lucent compartments with low levels of cathepsin K and few intraluminal vesicles. In Gnptab −/− osteoclasts, all endosomes with low cathepsin K levels were counted as one category. The percentage of cathepsin K-positive vesicles containing BSA-gold after a 3-h incubation was determined by randomly screening sections of WT osteoclasts for cathepsin K-positive vesicles (defined as <200 nm) and scoring them as positive or negative for BSA-gold ( 
Immunoblot analysis
Osteoclast media were collected after a 6-h incubation in the absence of serum. Cells were lysed in 1% Triton X-100/PBS, containing protease inhibitors (Roche Applied Science). Cell lysates and media samples were then resolved by SDS-PAGE and transferred onto a polyvinylidene fluoride membrane for immunoblotting.
Lysosomal hydrolase sorting assay
WT and Gnptab −/− osteoclasts were subjected to pulse/chase labeling with TRAN 35 S-LABEL methionine/cysteine (MP Biomedicals LLC), as described (56) . The percentage of secretion ± SD of TRAP (n = 3) and cathepsin D (n = 6) was determined after either a 30-min or 1.5-h pulse, followed by a 2-h chase. Similar experiments with cathepsin K were not performed because of the lack of an immunoprecipitating antibody.
Immunofluorescence
Cells were grown on glass coverslips or on bovine bone slices until they reached confluency, fixed in 4% w/v PFA in 0.1 M PB (pH = 7.4) for 30 min at room temperature and permeabilized with 0.1% saponin in 2% BSA/PBS for 10 min. The primary antibodies were detected by Alexa Fluor ® 488-coupled anti-rabbit and Alexa Fluor 568-coupled anti-mouse or Cy5-coupled anti-mouse antibodies (Invitrogen, Molecular Probes), respectively. Actin was detected by Alexa Fluor 488-phalloidin or TRITC-phalloidin and the coverslips were mounted with ProLong Gold antifade reagent (all from Invitrogen, Molecular Probes). Analysis was performed under a Zeiss LSM 510 Meta confocal microscope using a 63× objective and equipped with a 32 PMT meta-detector or under a Deltavision RT fluorescence microscope with an Olympus 100 × 1.4 numerical aperture objective and Cascade EMCCD camera (Applied Precision). Z-stacks were deconvolved and processed using SOFTWORX software (Applied Precision).
Lysosomal enzyme assays
Cells were lysed in 1% Triton X-100/PBS containing a protease inhibitor cocktail (Roche Applied Science). Samples were assayed for acid hydrolase activities using 4-methylumbelliferyl conjugated lysosomal hydrolasespecific substrates as described (17, 56) . Activities were expressed in nmol of hydrolyzed substrate/mg protein/h.
CI-MPR affinity chromatography
Osteoclasts were incubated for 6 h in serum-free medium. The media were collected and the cells placed in column buffer (50 mM imidazole, pH = 6.5, 150 mM NaCl and 1% Triton X-100) containing a protease inhibitor cocktail (Roche Applied Science) and disrupted by sonication. After centrifugation at 4
• C for 10 min at 12 000× g, the cell lysates were diluted 1:2.5 in column buffer (containing 0.05% Triton X-100) and loaded onto the CI-MPR affinity column (0.5 mg CI-MPR per mL of Affigel-10 (Bio-Rad Laboratories Inc.)), which was prepared as described previously (57) . The media samples were directly applied onto the column. The flow-through was collected and the column was washed first with 5 mL of column buffer and subsequently with 5 mL of column buffer containing 5 mM glucose 6-phosphate to remove non-specifically bound hydrolases. Man-6-P-containing lysosomal hydrolases were eluted from the column by addition of 5 mL of column buffer containing 10 mM Man-6-P. Fractions of 1 mL were collected and assayed for lysosomal hydrolase activities as described. The amount of acid hydrolases that specifically bound to the column (Man-6-P eluted fraction) was then expressed as a percentage of the total recovered activity. M. B. and S. K. were supported by NIH grant CA 008759-44. H. Z. was supported by NIH grant AR 055694, and H. Z. and F. P. R. by grants AR 032788 and AR 046523 to Dr Steven L. Teitelbaum. This work was further supported by an internationalization grant of the University Medical Center Utrecht, the Netherlands, to E. M. and J. K. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
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Figure S1: Lysosomal acid hydrolases are dephosphorylated in secretory lysosomes. A and B) Ultrathin cryosections were incubated with biotinylated, lumenal domain of CI-MPR and subsequently immunogold labeled for biotin. Man-6-P-containing acid hydrolases are present in the TGN (arrows in A and B) and in endosomes (A), whereas secretory lysosomes are negative (B), indicating that the acid hydrolases no longer contain the Man-6-P recognition moiety in these compartments. E, endosome; G, Golgi complex; M, mitochondrion; SL, secretory lysosome. detected in this cell type, which does not express these proteins, showing that the immunogold labeling in mouse osteoclasts is specific. E, endosome; G, Golgi complex; M, mitochondrion; N, nucleus. Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
